Effects of solid particles in the gas-particle multiphase compressible turbulent mixing layer were investigated by direct numerical simulation, compared with the single phase turbulent mixing layer of which the net density ratio (sum of gas and particle densities) was set to be the same as the multiphase case. Here, the situation of solid rocket motor was considered, so that the Mach number and the density (temperature) ratio were set to be high and far from unity, respectively, and the solid particles were distributed only in one side of the mixing layer for the initial condition. Three-dimensional compressible gas-particle-multiphase Navier-Stokes equations in the Euler-Euler formulation were solved with an alternative weighted essentially non-oscillatory scheme with a positivity preserving limiter of the particle density for the multiphase flow computation. It was found that the existence of solid particles leads to the sparse structures of turbulence and suppresses the fine scale turbulent structures, especially for the JET side, which corresponds to the side where particles were initially distributed and the gas density was low. The growth rate of the mixing layer thickness for multiphase flow became smaller due to the change in flow. The change in flow structures also affected the properties of acoustic waves. The Mach wave like structures do not appear for the initially particle existing side for the multiphase flow due to the suppression of fine scale turbulent structures, compared with single phase flow.
Introduction
The acoustic waves from a rocket plume are very strong, so that it vibrates the payloads and might even break them down. Therefore, a lot of time, effort, and money has been spent on sound vibration tests to ensure the reliable rocket launch. In order to reduce the costs, the prediction and reduction of the acoustic waves are important. Recent developments in computational aeroacoustics have shown the capability to predict acoustic waves from the rocket plume by using large-eddy simulation (LES). 1) One of the most successful examples was the application to the epsilon rocket launched in 2014. The launch site, designed based on the simulation results by LES, 2) achieved the reduction of the acoustic level more than 10 dB compared with the previous launch of the M-V rocket. The success of the epsilon rocket showed the capability of qualitative prediction of the acoustic waves from the rocket plume. Our target is, however, quantitative prediction that is competitive with experiments, because the costs for the rocket launch should be drastically reduced when experiments are replaced by LES prediction. Toward the quantitative prediction, we devoted higher resolution LES for the acoustic waves from the rocket plume and showed that the prediction accuracy for the acoustic waves from the subscaled liquid rocket motor is approximately 5 dB. 3) However, the accuracy was still insufficient, because the accuracy of the experiments is approximately 2 dB. An important difference between the flow conditions of actual rocket motors and our previous computation is the inflow condition. In actual rocket motors, the shear layer thickness at the nozzle exits is thin and the flow is turbulent from the beginning. Our previous study set the inflow to be the initially laminar and relatively thicker shear layer. As a first step to understand the effects of inflow, Nonomura and Fujii 4) investigated the dependence of the initial shear layer thickness on the acoustic waves for the transitional Mach 2.1 cold jets. They reported that the mixing layer thickness makes a difference in the acoustic level of 5 dB, though it is less sensitive than a subsonic case of 10-20 dB difference. 5) In addition, for the application to the solid rocket motor, the existence of solid particles, i.e. alumina particles should also be taken in account. It is known that the particles affect the turbulent motions, which are the sources of the acoustic waves from the rocket plume.
Gore and Crowe 6) summarized various experimental data of the jets and pipe flows, showing that small particles weaken turbulent intensity while large particles strengthen turbulence in incompressible flow conditions. However, the underlying mechanism is not well understood. Meanwhile, regarding the effects of solid particles on the acoustic waves, a study of the noise suppression by the water injection would be helpful. Krothapalli et al. 7) conducted an experiment for Mach 1.4 supersonic jets and showed that the sound pressure level at near field decreased from 2 to 6 dB through water injection. However, the interaction between particles and turbulence and the relationship with the acoustic wave generation are not sufficiently understood. Fukuda et al. 8) conducted a Reynolds averaged Navier-Stokes simulation of the solid rocket motor with the water droplet injection and discussed the effects of water droplets on the acoustic waves. With the help of the analytical formulation, they concluded that acoustic wave attenuation by water droplet would be explained by the modulation of turbulent structure, not by the scattering or reflection of acoustic waves. Although numerical simulation is used in the work by Fukuda et al. 8) , most studies were based on experiments and numerical studies are very rare, especially for rocket motors because the treatment of particles is difficult and computationally expensive. In addition, the rocket plume is supersonic turbulent flows, so that a high-order shock capturing scheme is required to solve turbulence and shock waves simultaneously. Thus far, we have developed a high-order scheme that enables the calculation of gas-particle multiphase turbulent flow in the Euler-Euler formulation 9) by extending the previous work 10) to a higher-order scheme. This study applies the developed scheme to the gas-particle multiphase compressible mixing layer, which is closely related to the Mach wave generation 11) in the case of the solid rocket motor. The direct numerical simulation (DNS) of the temporally evolving gas-particle multiphase compressible turbulent mixing layer was conducted. The effects of particles on the turbulent structures and the Mach wave generation are discussed and compared with the single phase compressible turbulent mixing layer, which has the same net-density ratio (sum of gas and particle densities).
Problem Setup
The schematic of temporally evolving mixing layer is shown in Fig. 1 and the simulation parameters are represented in Table 1 . The simulation was conducted with two cases: the gas-particle multiphase flow (MULTI) and the gas-only single-phase flow (SINGLE). Also, in order to investigate the effects of the solid particles, the rigid solid particles are treated in this paper. For simplicity, they are called "particles" hereafter.
The initial mean streamwise velocity is given by a hyperbolic tangent profile:
Note that the z direction extent of the computational domain was set to be approximately three times larger at the lower gas density side than the higher gas density side. Thus, the computational domain in the z direction corresponds to [-71, 215] . The initial center of the mixing layer corresponds to the origin, because the mean flow profile moves to the lower gas density side. 12) To trigger turbulence, the fluctuation that has an isotropic turbulence spectrum
2 ) with a random phase is imposed to the velocity field, where k and k0 are the wave number and the peak wave number, respectively. Here, the turbulence level was set to be 10% of velocity difference Δu. We simulate flows that have a different gas density between the lower and upper streams, whereas the pressure was set to be the same. The gas density ratio was set to be 0.073 and 0.05 for SINGLE and MULTI cases, respectively. The MULTI case treats particles whose density ratio is s = ρp1/ρg2 = 0.023. For fair comparison, the density ratio of the SINGLE case was set to be sum of the density ratio of gas (0.05) and particle (0.023) of MULTI to give the same net-density ratio between two cases. This enabled us to focus on the effects of the existence of particles by minimizing the effects of the density ratio. Note that the growth rate of the mixing layer thickness is significantly suppressed when the density ratio is far from unity.
12)
The density profile of gas is determined by Crocco-Buseman relation. The initial velocity and density of particles was set to be the same as those of gas, but the particle density was given only in the low gas density side, as shown in Fig. 1 , because we consider the condition similar to that of the solid rocket motor of the hot jet condition. Here, the particles should be located in the jet side in which the gas density is low, which corresponds to high temperature. Therefore, the particle side is called the "JET" side corresponding to upper side in this calculation, while the other (lower) side is called the "AIR" side. The other important parameter of this computation is the convective Mach number Mc = Δu/(c1+c2), where Δu is the velocity difference between upper and lower streams, c1 and c2 are the speeds of sound of gas at upper and lower streams, respectively. The convective Mach number was set to 1.5 in this computation. Note that, in such a high convective Mach number flow, the growth rate of the mixing layer thickness is much suppressed by the compressibility compared with the incompressible turbulent mixing layer, which is reported by a study of single phase flow. 12) The Reynolds number based on the initial momentum thickness Reθ0 = ρg0Δuδθ0/μ was 130 and 133 for MULTI and SINGLE, respectively. Note that ρg0 is the averaged gas density ρg0 = (ρg1+ρg2)/2. In the MULTI computation, the Reynolds number based on a particle diameter Reθ0 = ρg0Δud0/μ was set to 1.30, which means that the particle size was a hundred times smaller than that of the initial momentum thickness. The resolution was sufficient to resolve the smallest scale of turbulence, because the grid spacing Δx is of the order of the Kolmogorov length scale Lη at the center of the mixing layer ( Table 2 ). Note that the Kolmogorov length scale is computed at δθ/δθ0 = 8. For the boundary condition, the periodic boundary condition was applied in the x and the y directions. The boundary in the z direction was set to be sufficiently far by employing the buffer zone from computational domain to the boundary in order to avoid the reflection of the spurious acoustic waves. Note that the computational domain and number of grid points in the z direction in Table 2 does not include the buffer zone. 
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Method
The governing equations are three-dimensional compressible gas-particle-multiphase Navier-Stokes equations in the Euler-Euler formulation as follows: 10) ,
where the subscripts g and p represent the quantities of gas and solid particle phases, respectively. Here, e and Ω are total energies per unit mass of gas and solid particle phases; T and Θ are temperatures of gas and solid particle phases; and cv and cm are the specific heats at constant volume for gas and solid particle phases. In those equations, the interaction term between gas and solid particle phases is expressed by
where m, D, and Q are the mass of a particle, the drag, and the heat transfer rate, respectively. These are expressed as:
where d, cp, CD, and Nu are a diameter of particles, the specific heat ratio at the constant pressure for gas, the drag coefficient, and the Nusselt number, respectively. In this formulation, the drag coefficient CD and the Nusselt number Nu depend on the Reynolds number of a solid particle Rep = ρgd |ug -up|/μ based on the velocity difference of gas and particle phases. (13) where the Prandtl number Pr is set to be 0.441. Those equations were solved by the sixth order alternative weighted essentially non-oscillatory scheme (AWENO) with the positivity preserving limiter of the particle density. Here, the AWENO adopted in this study consists of the flux of the seventh-order weighted compact nonlinear scheme (WCNS) (see the Reference 13) for the procedure of the construction) and the sixth-order modification term changing the WCNS flux into the AWENO numerical flux.
14)
The AWENO scheme is found to be equivalent to a variant of WCNS: hybrid WCNS. 15) In the positivity limiter procedure, 16) the first-order positivity preserving flux of Lax-Friedrich is blended with the original AWENO flux for the region where the particle density possibly becomes negative. 9) For time advancement, the third-order total variation diminishing Runge-Kutta scheme 17) was employed.
Results

Turbulent structure
The time history of the momentum thickness is shown in Fig.  2 . The normalized time τ = t × Δ u/δθ0 was adopted for the fair comparison as in the previous study of the single-phase temporally evolving mixing layer, 12) where δθ0 is the initial momentum thickness. The growth rate of the mixing layer thickness (slope of the lines) for MULTI case was smaller than that for SINGLE case. The difference becomes larger after τ = 3000. In order to see the difference in the flow field, the iso-surface of the second invariant of the velocity gradient tensor was colored by streamwise velocity, which represents the vortex structure, are shown in Fig. 3 . This figure shows the vortex structures before and after τ = 3000. MULTI show sparser structures than SINGLE. In addition, the number of generated fine scale turbulent structures for the MULTI case is less than that for the SINGLE case, especially on the JET side. Those trends are clearer at τ = 4000 than τ = 1550, because the mixing of the flow and particles become stronger with increasing time. The initial particle distribution would cause the large difference in flow on the JET side. The particles are distributed only on the JET side initially, so that strong interaction would occur on that side. To show the flow-turbulence interaction, the cross section of the particle density distribution with the iso-surface of the second invariant of the velocity gradient tensor is shown in Fig. 4 . The interaction between vortices and particles is more clearly seen at τ = 4000 than at τ = 1550. Furthermore, the results imply that the interaction is stronger in the JET region.
To summarize, the existence of particles affects the flow as follows:
1. The interaction between vortices and particles leads to the sparse structures in the flow. 2. On the JET side, the number of fine scale structures is less for MULTI due to the strong interaction between vortices and particles. 3. The interaction is stronger at the late stage of the computation (i.e. after τ = 3000). Those changes would affect the mixing layer thickness, which has a shallower slope and an inflection point of the slope. The former characteristic corresponds to the decrease in the growth rate of the mixing layer thickness in the multiphase flow. Further study, such as a detailed investigation of the interaction term, is necessary to confirm the discussion.
To show the change in flow in detail, the time history of the energy spectra is considered. For fair comparison, the results should be compared at the time when the flow development was similar, so that the spectra are compared at the time of the same mixing layer thickness, instead of the same non-dimensional time τ. We chose z/δθ = 15.6 and z/δθ = 3.0 (corresponding to A and B in Fig. 3 (b) ) as the representative of the initially particles existence side and its counterpart. Fig.  5 shows the one-dimensional energy spectra of the streamwise direction at δθ/δθ0 = 4-7. The time was chosen based on the inflection point of the mixing layer growth rate for MULTI, as shown in Fig. 2 . The representative time for the inflection point is δθ/δθ0 = 5.7. The time before and after the inflection point are δθ/δθ0 = 4 and δθ/δθ0 = 7, respectively. At position A, the suppression of the smaller scale of turbulence for MULTI is clearer and shows rather laminar-like spectra for MULTI after δθ/δθ0 = 5.7. On the other hand, the trend at position B is somewhat different. Although, the suppression of turbulence for MULTI is also seen after δθ/δθ0 = 5.7, the shape of spectra do not show large differences compared with position A. As mentioned previously, particles are initially distributed only on the side of position A, so that the interaction between flow and particle is larger at position A. This is the cause of the difference in slope of the energy spectra. To support the discussion, mean streamwise velocity and mean particle density are shown in Figs. 6 and 7, respectively. Note that particle density is only shown for MULTI. The averaging is conducted at δθ/δθ0 = 6-7. The slope of the velocity profile is shallower for MULTI than that for SINGLE. Also, the particles are distributed over the mixing layer and the particle density is higher on the JET side (the positive direction of z). Those results would suggest that the existence of particles would lead to a shallower velocity profile for MULTI. Also, the strong interaction between flow and particles on the JET side would lead to laminarization at this side. The verification, however, is left for future work. 
Acoustic waves
The previous subsection shows that the existence of particles changes the flow structures. Here, the effects on the acoustic waves are discussed. Fig. 8 shows the cross sections of the normalized pressure fluctuation p'/Δu 2 at y = ymax at τ = 4000 with the iso-surface of the second invariant of the velocity gradient tensor. Although some differences such as directivity or strength are seen, Mach waves are observed on both the JET and AIR sides for the SINGLE case. However, for the MULTI case, clear Mach waves are only seen on the AIR side. Rather smooth structures appear on the JET side. The previous subsection showed that the flow structures were significantly changed on the JET side by the interaction of particles, so that the change in flow structures would cause the change in the properties of acoustic waves on the JET side. For a more precise explanation, the pressure spectra are presented. The one-dimensional pressure spectra of the streamwise direction are shown in Fig. 9 . Note that only the JET side is shown, because the AIR side was too near for the discussion of the acoustic waves to use. The pressure spectra are averaged using 10 grid lines from the edge of the upper boundary of the resolved region (not the buffer region). The MULTI case does not have higher wave number components that are similar to the velocity spectra of the MULTI case shown in Fig. 5 (a) . This similarity would suggest that the existence of particles changes the flow structures that relate to the sound sources, which then changes the properties of acoustic waves.
Conclusion
The effects of solid particles in the gas-particle multicomponent compressible turbulent mixing layer were investigated by direct numerical simulation in which the situation of solid rocket motor is considered: the Mach number and the density (temperature) ratio were high and far from unity, respectively, and the solid particles were distributed only in one side of the mixing layer for the initial condition. Three-dimensional compressible gas-particle multiphase Navier-Stokes equations in Euler-Euler formulation were solved with an alternative weighted essentially non-oscillatory scheme with the positivity preserving limiter of the particle density distribution. The results showed that the existence of particles changes the flow structures as follows:  The existence of particles leads to sparse structures in the multiphase flow.  Fine scale structures are weakened in the multiphase case. This is more clearly seen on the low-density side where the particles are given initially.  The trend becomes stronger with increasing time. Those changes cause a shallower slope and the appearance of an inflection point in the time history of the mixing layer thickness for the multiphase flow. In addition, the change in flow structures affects the properties of acoustic waves. Mach wave-like structures do not appear on the side where the initially particle existing side in the multiphase case. The pressure spectra for the particle side only show lower wave number components. This seems to be closely connected to the laminar-like energy spectra at the particle side in the case of multiphase flow. 
